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Abstract
FCC-ee is a high luminosity lepton collider with a centre-
of-mass energy from 91 to 365 GeV. Due to the machine
parameters and pipe dimensions, collective effects due to
electromagnetic fields produced by the interaction of the
beam with the vacuum chamber can be one of the main
limitations to the machine performance. In this frame, an
impedance model is required to analyze these instabilities
and to find possible solutions for their mitigation. This
paper will present the contributions of specific machine
components to the total impedance budget and their effects
on the beam stability. Single bunch instability thresholds
will be estimated in both transverse and longitudinal planes.
INTRODUCTION
Within the Future Circular Collider studies at CERN [1]
which aim to design post-LHC particle accelerators, the high
luminosity e+e− circular collider FCC-ee is considered as a
possible first step towards FCC-hh, a 100 TeV hadron col-
lider in the same tunnel of 97.75 km. The lepton collider
has been designed to cover the beam energy range from
45.6 GeV to 182.5 GeV to study the properties of the Z reso-
nance, the W and top pair thresholds and the Higgs boson
with unprecedent precision. Table 1 summarizes the main
beam parameters at Z running, which represents the most
challenging scenario from the instability point of view. This
paper focuses on the impedance model and collective beam
instabilities induced by wakefields in the lowest energy case.
It describes the effects of the main machine components
on the single bunch beam dynamics in both transverse and
longitudinal planes, giving special attention to the resistive
wall (RW) impedance which represents the main source of
wakefields in the machine.
RESISTIVE WALL IMPEDANCE
This section focuses on the impact of the RW impedance
on the single bunch dynamics. For these studies, the vacuum
chamber is assumed to be circular with 35mm radius and
three layers: a first inner layer of copper with 2mm thick-
ness, then 6mm of dielectric and finally iron with resistivity
ρ = 10−7Ω-m. A coating of the copper surface is foreseen
to reduce the Secondary Electron Yield (SEY) of the surface
(for the mitigation of the electron cloud build up in the ma-
chine) and to improve the pumping system for an optimum
vacuum environment during operation. On the basis of the
positive experience of the LHC warm sections [2], it was
decided to use Ti-Zr-V Non Evaporable Getter (NEG) films
in order to ensure the required pressure and low background.
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Table 1: FCC-ee baseline beam parameters, where SR and
BS stand for synchrotron radiation and beamstrahlung.
Beam energy [GeV] 45.6
Circumference C [km] 97.75
Number of bunches/beam 16640
Bunch population Np [1011] 1.7
Beam current I [A] 1.39
RF frequency fRF [MHz] 400
RF voltage VRF [MV] 100
Energy loss per turn [GeV] 0.036
Momentum compaction αc[10−5] 1.48
Bunch length σz,SR/σz,BS [mm] 3.5/12.1
Energy spread σdp,SR/σdp,BS [%] 0.038/0.132
Horizontal tune Qx 269.138
Vertical tune Qy 269.22
Synchrotron tune Qs 0.025
Horizontal emittance  x [nm] 0.27
Vertical emittance y [pm] 1.0
Previous studies [3] pointed out that in the case of FCC-
ee the typical NEG film thickness of 1µm makes the RW
impedance responsible of quite low single bunch instability
thresholds, in both transverse and longitudinal planes. It
has been demonstrated [4] that under certain assumptions
the longitudinal and transverse impedances of a two-layer
beam pipe are given by the sum of two terms, one represent-
ing the impedance of a single layer pipe and a second term
representing an inductive perturbation proportional to the
thickness ∆ of the coating:
Z ‖ (ω)
C
' Z0ω
4picb
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σ2
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)}
where Z0 is the vacuum impedance, c the speed of light, b
the pipe radius and δ1, σ1 and δ2,σ2 the skin depths and
conductivities of the coating and the substrate, respectively.
If σ1σ2 << 1 (condition always verified in the FCC-ee case,
also taking into account the variation of the NEG resitivity
with frequency [5]), then the second term becomes indepen-
dent on the conductivities of the materials and the effects of
the impedances on the single bunch dynamics are affected
mainly by the thickness of the coating.
NEG Thin Films: Experimental Results
In this context, NEG thin films with thicknesses below
250 nm have been investigated to find the minimum effective
thickness ensuring at the same time a good activation per-
formance for vacuum pumping, a low SEY to minimize the
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electron cloud build up in the machine and a reduction of the
RW impedance contribution to ensure beam stability during
operation. Copper samples have been coated with NEG thin
films at thicknesses of 1000nm, 200nm, 100nm and 50nm
via DC magnetron sputtering [6], obtaining actual thick-
nesses of 1100nm, 203nm, 87nm and 30nm, respectively.
The surface composition was measured by X-ray Photoelec-
tron Spectroscopy (XPS) and the activation performance
was evaluated by the reduction of the area of the oxygen
peak O1s during a cycle of 4 hours up to a temperature of
250◦C. Figure 1 shows the O1s peak area as a function of
the activation temperature: from the activation performance
point of view, a good candidate for coating is the 100nm
thickness that also ensures a margin of safety for the stability,
as we will see in the next section. This experimental activity
also includes SEY measurements presented in [7].
Figure 1: Activation performance: reduction of the area of
the oxygen peak from the XPS spectrum after the fourth
activation cycle.
The Impact of Thickness on Beam Dynamics
The most important effects of the RW impedance on the
single bunch dynamics are the Microwave Instability (MI)
in the longitudinal plane and the Transverse Mode Cou-
pling Instability (TMCI) in the transverse plane. Numerical
simulations with the macroparticle tracking code PyHEAD-
TAIL [8] were performed to study the impact of the coating
thickness on the instability thresholds. For these studies,
NEG thin films with thicknesses of 1100nm, 200nm, 100nm
and 50nm have been considered. The beam parameters used
for simulations are listed in Table 1.
MI Figures 2 and 3 show the bunch lengthening and the
energy spread increase due to the longitudinal RWwakefield
as a function of the bunch population for all the thicknesses
under study. As mentioned before, a coating of 1µm thick-
ness makes the bunch unstable, while the thinner film of
100nm allows to increase the MI threshold by a factor 7.
TMCI The TMCI threshold has been evaluated with the
analytical Vlasov solver DELPHI [9] by taking into account
the bunch lengthening due to the longitudinal wake (Fig 2).
Figure 2: RMS bunch length as a function of the bunch pop-
ulation given by numerical simulations by considering only
the RW impedance produced by NEG films with different
thicknesses.
Figure 3: RMS energy spread as a function of the bunch pop-
ulation given by numerical simulations by considering only
the RW impedance produced by NEG films with different
thicknesses. The black dashed line represents the nominal
bunch population.
In the transverse case, the instability threshold is affected to a
lesser extent by the coating thickness, because it is increased
by the higher bunch length at the same intensity. As shown in
Fig. 4, for a coating of 100nm thickness the TMCI threshold
is about a factor 2.5 higher than the nominal bunch intensity.
Figure 4: Real part of the frequency shift of the first coherent
oscillation modes as a function of the bunch population
for 100nm coating. The green dashed line represents the
nominal bunch intensity.
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OTHER IMPEDANCE SOURCES
In addition to the RW impedance, there are other sources
of wakefields in the machine. At Z running, the RF system
consists of 52 cavities at 400 MHz with a single cell [10]
that will be arranged in groups of four cavities connected by
26 0.5m long tapers. In order to cut off the beam halo and to
suppress the background, collimators based on PEP-II and
SuperKEKB design [11, 12] are planned to be installed in
the machine, for a total number of 20 (10 for each plane).
The impedance contribution of the 10000 absorbers to cope
with the synchrotron radiation (SR) has been minimized by
using a circular chamber with 35mm radius and two rectan-
gular antechambers on both sides, where the SR absorbers
will be installed. This model also includes 4000 Beam Po-
sition Monitors [13] and 8000 comb-type bellows with RF
shielding [14] to be installed before and after each BPM.
Longitudinal Impedance Model
Figure 5: Longitudinal wake potentials for a Gaussian bunch
with nominal bunch length σz = 3.5 mm due to the main
FCC-ee components compared with the RW contribution
(blue line).
The contribution of all the current machine components
to the longitudinal impedance budget has been evaluated
by means of ABCI [15] and CST [16] simulations in time
domain for a Gaussian bunch with nominal bunch length
of σz = 3.5mm. Figure 5 shows the longitudinal wake
potentials of each component. Table 2 summarizes the cor-
responding loss factors. The major contribution to the ma-
chine impedance is given by the RW with a total loss factor
at nominal intensity and bunch length of 210 V/pC. The to-
tal dissipated power at nominal intensity is 13.6 MW, about
a factor 3.7 smaller than the total SR power dissipated by
the beam of 50 MW. However, this value of power loss is
expected to be lower due to the bunch lenghtening effect. By
using as Green function for the PyHEADTAIL code the wake
potential of a bunch with σz ' 110σz,nom, the MI threshold
has been evaluated by considering all the current machine
components and 100nm NEG coating and is about 2.5 ·1011,
a factor of 1.5 larger than the nominal bunch intensity, as
shown in Fig. 6.
Table 2: Power loss contribution of the main FCC-ee com-
ponents at nominal intensity and bunch length, in the lowest
energy case of 45.6 GeV.
Component Number kloss[V/pC] Ploss[MW]
Resistive wall 97.75km 210 7.95
Collimators 20 18.69 0.7
RF cavities 52 17.14 0.65
RF double tapers 13 24.71 0.93
BPMs 4000 40.11 1.5
Bellows 8000 49.01 1.85
Total 359.6 13.6
Figure 6: RMS energy spread as a function of the bunch
population given by numerical simulations by considering
the impedance contribution of all the machine components.
The black dashed line represents the nominal bunch intensity.
CONCLUSIONS
In this paper we have presented the main sources of
impedance in FCC-ee and their effects on the single bunch
dynamics. The RW impedance represents the main source
of wakefields in the machine and its contribution to the
impedance budget can be reduced by decreasing the thick-
ness of the coating needed for pumping and electron cloud
mitigation. Numerical simulations and experimental results
have indicated that the 100nm thickness is a good candidate
for coating, satisfying at the same time impedance, vacuum
and electron cloud requirements. The geometric impedance
has been evaluated for important machine components show-
ing that the contribution of these elements is up to 5 times
smaller than the RW one. The MI instability threshold is
around 2.5 · 1011, about a factor of 1.5 higher than the nomi-
nal bunch intensity. However, it is important to mention that
operation with beamstrahlung allows to further increase the
instability thresholds in both planes, due to the higher bunch
length and energy spread.
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